Mechanically isolated asparagus (Asparagus officinalis) mesophyll cells dedifferentiate and divide when cultured in the dark in a medium containing sucrose. A strong correlation was observed between the onset of cell division and a loss of photosynthetic capacity. For the first 8 to 9 d of culture, there was no change in chloroplast size or morphology. However, following this period, the chloroplasts divided to form smaller proplastid-like structures. The gross chlorophyll content of the cell population did not change, suggesting that the loss of photosynthetic potential was not by senescence. Northern analysis showed that mRNA of the small subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase was undetectable within 1 d postisolation, which was quicker than in dark-treated plants. The mRNA of the large subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase decreased to low levels within 2 d of cell isolation. Both the large and small subunits of ribulose 1,5-bisphosphate carboxylase/oxygenase protein showed a gradual reduction in abundance, falling to basal levels by days 6 to 7, which coincided with the onset of rapid cell division. A similar trend was observed with chloroplast rRNA molecules, which decreased to basal levels by day 6 in culture.
all have been used to examine various effects of wounding and in vitro culture. Similar explants have also been used to examine chloroplast division (11) and developmental changes in plastids under long-term tissue culture conditions (14, 27) . Mechanically isolated cells have been used in various studies of cellular physiology. For example, cells from asparagus (Asparagus officinalis) have been used to examine nitrogen metabolism (28) , amino acid transport (4), photosynthesis (12) , photoautotrophism in cultured cells (23) , and cellular and molecular changes during dedifferentiation (10, 22) .
Plastids have been observed commonly to convert to proplastids in higher plants during wound cambium development and during the reactivation of cell division in cultured cells (26) . Similarly, the conversion of cells to protoplasts and their subsequent dedifferentiation have been shown to alter gene expression, including that of genes associated with photosynthesis (6) (7) (8) . Fleck et al. (6) have demonstrated that Rubisco synthesis is significantly reduced immediately following incubation of freshly isolated Nicotiana sylvestris protoplasts in culture media. Significant changes in gene expression during dedifferentiation have been observed in mechanically isolated asparagus cells (10) . The above changes in gene expression, together with observations that wounding induces an increase in metabolic rate (16) and particular respiration (10) , lead us to conclude that the effects of wounding on plastid function and metabolism would be profound.
Unicellular photosynthetic aquatic organisms regulate their photosynthetic potential in response to environmental factors such as oxygen concentration, light, and carbon and nitrogen availability (21) . A study conducted by Scheer and Parthier (25) on the effects of dark treatment and presence of an organic carbon source on chloroplast development in a lower eukaryote showed that under such conditions, chloroplasts dedifferentiated to form proplastids. Scheer and Parthier (25) determined that the loss of photosynthetic function in darktreated, dedifferentiating Euglena gracilis cells was due to the diluting-out of stroma constituents among the progeny. In vascular plants, however, at certain stages of development of the leaf, chloroplast development is not affected by environmental factors such as light availability (21) . This suggests that under stress conditions, vascular plants may use a different mechanism to control plastid development from that used by unicellular organisms.
In this study, mechanically isolated asparagus mesophyll cells were used to examine various aspects of the cytology, physiology, and molecular biology of chloroplast dedifferentiation. One advantage of this system, as compared to intact plant organs, is that single mesophyll cells in shaken liquid culture provide a very uniform source of photosynthetic plant material, and, therefore, all the cells can be exposed to an identical external environment. This study aimed to determine if higher plant cells incubated under heterotrophic conditions would lose their photosynthetic apparatus in the same manner as that described previously for E. gracilis. In addition, it was intended to examine the effects of wound-induced cellular dedifferentiation on plastid function, plastid genome replication, and gene expression.
MATERIALS AND METHODS
Cell Isolation, Tissue Culture, Microscopic Observations, and Oxygen Evolution/Uptake Measurements Asparagus officinalis cells were mechanically isolated, cultured in the dark on sucrose-containing media, and cytologically examined as described previously by Paul et al. (22) . At appropriate time points, the contents of a Petri dish (4 x 106 viable starting cells in 10 mL) were pelleted, 6 mL of supernatant was removed, and the cells were resuspended in the remaining 4 mL of asparagus culture medium. An aliquot (2 mL) of cells was used for oxygen consumption and evolution measurements in an oxygen electrode (Rank Bros., Botisham, Cambridge) in the presence of 0.5 mm sodium bicarbonate; Chl was extracted from the same aliquot by the method of Inskeep and Bloom (13) . As a control, the rate of oxygen evolution was determined from mesophyll cells freshly isolated from dark-treated, 6-week-old asparagus plants.
RNA Extraction and Northern Blotting Procedure
Total RNA was extracted and purified as outlined by Harikrishna et al. (10) . Total RNA was run on formaldehyde denaturing gels prior to northern blotting (19) onto nylon filters (Hybond-N, Amersham). Probes were radioactively labeled by the random hexanucleotide method (5). Autoradiography was performed using Hyperfilm (Amersham) with an intensifying screen at -800C. Probes used were Isu from barley (pHVCP4) and ssu from barley (pKG4626).
Western Blotting
Cells were harvested and total protein extracted and quantified as previously described (10) . The SDS-polyacrylamide gels used consisted of a 12% resolving gel and a 10% stacking gel as described by Laemmli (17) . The gel running conditions were as previously described (10) . The gels were blotted onto nitrocellulose membranes (Hybond-C, Amersham) using a Bio-Rad Protean minigel kit under standard conditions. After blotting, the nitrocellulose filter was stained with Ponceau S in 3% TCA to evaluate the even transfer of protein. 
RESULTS

Chloroplast Morphology and Numbers during Cellular Dedifferentiation
The morphology of chloroplasts in relation to the age of cultured cells was examined by light and UV microscopy. The asparagus cell cultures always contained a small percentage (5-10%) of viable cells that never underwent cell division. Chloroplasts from these cells did not appear to change much in size with time in culture. Chloroplasts from these cells were treated as controls and used to compare with chloroplasts from actively dividing cells to monitor changes in plastid size. Chloroplasts in freshly isolated cells were large, disk-shaped and evenly distributed in the cytoplasm (Fig. 1 , A and C). Chloroplasts in freshly isolated cells had an average maximum diameter of 8.6 ,um. Chloroplast size remained constant until 8 to 9 d of culture, after which the chloroplasts appeared to divide and their number increased (Figs. 1, B and D, and 2A). After 9 to 10 d in culture, rapid cell division was occurring and considerable aggregation of cell microcolonies was evident, making detailed light microscopic analysis difficult. At this time in cultured cells, an invagination could often be seen in the middle of chloroplasts, which eventually bisected the organelle. These 'daughter' chloroplasts had a smaller average size (2.86,um) than chloroplasts from freshly isolated cells (Fig. 1, A and C) or chloroplasts found in nondividing 10-d-old cells (arrowed in Fig. 1D ). The number of chloroplasts per cell was seen to increase up to the last time point, at day 11. The smaller chloroplasts appeared only in rapidly dividing cells and were not observed in nondividing cultured cells, in which chloroplast numbers remained constant.
Oxygen Exchange and Chi Content during Cellular Dedifferentiation
The Chl content per million cells appeared to decrease rapidly after 4 d of culture (Fig. 2B) . However, when calculated in relation to the number of starting cells, the Chl content of the cell population was constant, thus suggesting that Chl was shared among the daughter cells. Preliminary experiments examining the integrity and efficiency of the electron transport chain performed on cultured cells up to 12 d old indicated that there was no definite reduction in electron transport rate (data not shown). There is a dramatic reduction in oxygen evolution when the cells start to divide (Fig. 2C) .
A Net oxygen evolution rates were calculated by subtraction of the oxygen consumption rates in the dark from the gross oxygen evolution rate in the light. The rapid reduction in net oxygen evolution rate culminated in cultures consuming oxygen after 5 d of culture when rapid cell division occurs. Cells isolated from dark-incubated plants displayed a more gradual loss of photosynthetic capacity to a level where respiration rate equaled the photosynthetic rate (Fig. 2D) during cell culture. The SSU protein was identified by means of its identical electrophoretic mobility to that of purified commercial spinach SSU on SDS-polyacrylamide gels (Fig.  3A) . From previous two-dimensional gel analysis of proteins extracted from cultured asparagus cells, it was known that several proteins were induced by cell isolation that had mol wts similar to that of LSU (10) . Therefore, the relative concentration of LSU protein was examined by means of western blotting (Fig. 3 , B and C) using a polyclonal antibody raised against asparagus LSU. Although strictly quantitative data were not generated, in both cases there was a gradual reduction in the abundance of both SSU and LSU protein during cellular dedifferentiation (Fig. 3) . Northern hybridization analysis of cultured cell total RNA probed with both lsu and ssu gene probes showed a rapid decrease in abundance of both mRNA species to basal levels by days 3 to 4 (Fig. 4) (12) . Hills (12) attributed this discrepancy to an inhibition of the sucrose synthesis pathway and to a change in metabolism brought about by cell separation.
The amount of Chl per cell decreased with an increase in cell number (Fig. 2, A and C (20) , and the fact that Chl levels remained constant with time suggests that the fate of chloroplasts during cellular dedifferentiation is dissimilar to that of chloroplasts in senescing tissue, an observation previously made in oats by Giridhar and Thimann (9) . Overall, on the basis of the decrease in Chl content with an increase in cell number, there appears to be a diluting out of the chloroplast thylakoid membranes among newly divided cells.
The decrease of the net photosynthetic rate of asparagus cells appeared to be associated with the onset of cytokinesis (Fig. 2C) S.
I'l (a was little change in electron transport with time in culture (data not shown). Even though the gross photosynthetic rate of dark-incubated asparagus plants (Fig. 2D) decreased to low levels after 5 d, this loss did not culminate in net oxygen uptake, unlike the situation observed in cultured cells. This fact, together with the chlorotic appearance of the darktreated cladodes, implied that the mechanism of loss of photosynthetic potential in dark-incubated plants differs from that in cultured cells. The present data showed that the fall in rate of photosynthesis was correlated with a gradual reduction in the amount of Rubisco protein per milligram of total cellular protein. The loss of mRNA encoding ssu and lsu in asparagus appeared to be relatively coordinated. Thus, some coordination of expression between nuclear and organelle genomes in dedifferentiating cells may be supposed. The decrease in the steadystate levels of ssu mRNA occurred rapidly after cell isolation, with a definite decrease observed after as little as 3 h. This is similar to the situation in protoplasts, where Rubisco synthesis was significantly reduced postisolation (6) . Steady-state levels of mRNA encoding lsu decreased substantially within 2 d of culture, although at a slower rate in comparison to ssu mRNA. Relatively high levels of mRNA coding for lsu were present in cladodphyll tissue from 7-d dark-treated plants (Fig. 4B) . The level of ssu mRNA in the total message population isolated from dark-treated plants decreased at a slower rate than ssu mRNA in cultured cells, but, unlike lsu, fell to a basal rate after only 2 d of dark treatment. This is further evidence that the mechanism responsible for the loss of photosynthetic potential in dark-treated plants is different from that found in cultured cells. It is significant that there is also a loss of specifically chloroplast rRNA (Fig. 5) at a stage in the cellular dedifferentiation process when there is a gross increase in total rRNA (10) . This drop in chloroplast rRNA levels parallels the loss of photosynthetic potential and the onset of cell division. Thus, after days 5 to 6, it would appear that translation of chloroplast messages will have halted as chloroplast ribosomes have been degraded. It is possible, therefore, that one major factor in the dedifferentiation of chloroplasts and reversion to a proplastid-like state is the down-regulation of major transcripts from the chloroplast genome, such as those coding for rRNA and Isu.
In conclusion, mechanical isolation and culture of asparagus mesophyll cells results in the loss of photosynthetic potential and the eventual dedifferentiation of plastids to form proplastid-like structures. This loss of photosynthetic potential is correlated with the lack of transcription of genes coding for at least two major protein components of the photosynthetic apparatus and chloroplast rRNA, coupled with the diluting out of stromal proteins and thylakoid membranes among newly divided cells. These data are comparable with the observations of Scheer and Parthier (25) in Euglena. There was no detectable evidence of a lesion in the electron transport chain or any suggestion that the chloroplast dedifferentiation process was similar to the behavior of these plastids in senescing plant tissue.
